Abstract. Defective pelvic organ support is one of the most common problems in women and its intervention requires an accurate preoperative identification of prolapsed organs and their mechanical properties. With the current state-of-theart in magnetic resonance imaging, 3D dynamic imaging of the pelvic floor is prohibited by the maximal temporal resolution that can be achieved. In this paper, we propose an optimal scan-planning approach based on statistical shape modelling of the levators such that only a limited number of 2D imaging planes are needed to recover the entire 3D structure. The statistical shape model was achieved by the use of harmonic shape embedding and modelling whilst the reconstruction of the 3D structure from selected imaging planes was carried out by the incorporation of a conjunct MDL measure indicating the statistical shape variation captured by respective imaging planes. The value of the proposed technique was demonstrated with data acquired from a group of 11 asymptomatic subjects, highlighting the value of the method in studying dynamic shape changes when complete 3D imaging is impractical.
Introduction
Injuries to the levator ani due to childbirth can result in pain, urinary or faecal incontinence, or constipation [1] . Locating and diagnosing the injuries are of prime importance, as suitable treatment (pelvic floor exercises, surgery) can then be prescribed. Due to its excellent tissue contrast, conventional 2D MR imaging techniques have been used for the assessment of the levator ani [2] , with diagnosis made on the position of the organs (rectum, bladder) in relation to structural landmarks. As 2D imaging may not capture the complexity of the 3D structure, Hoyte et al [3] investigated the use of 3D representations of the levator ani. The levator ani of each subject was manually segmented from a number of MR transverse slices and the dividing cubes algorithm was applied to generate each shape. It was found that the 3D models could yield findings that differ between symptomatic and asymptomatic subjects. Visual comparison gave evidence of the continuum in levator volume degradation, loss of sling integrity and laxity in the order of asymptomatic, genuine stress incontinence and prolapse. It has also been identified that the volume of the levator ani was an indication of pelvic floor dysfunction [4] . Parallel work in other research centres have investigated the differences in the pelvic floors of younger and older women with 3D reconstruction [5] , with results suggesting that the 3D models allowed for the location of pelvic floor damage.
The pelvic floor is a complex structure composed of a diaphragm of striated muscle covered by fascia. Its functional deficiency, although being predictable from the resting morphological shape variations in certain cases, is mainly manifested during straining, especially under the normal physiological sitting position. There have been a number of studies that have visualized strain along a single plane (usually midsagittal) using fast image acquisition [1, 3, [8] [9] [10] with which each strain or rest image can be acquired in two seconds. While this gives an idea of muscle position during strain in one plane, it is difficult to visualize the 3D representation of the entire muscle. To elucidate the morphological changes of the pelvic floor under different levels of straining, it is necessary to acquire enough volumes of interest covering the entire excursion of the manoeuvre. This, however, is difficult (if not impossible) to achieve with the current state-of-the-art MR system, because of the required T 2 weighting for differentiating the levator ani from the surrounding muscle structure. A typical high-resolution volumetric coverage normally takes about 5 minutes to complete, compared to a maximum of 10 to 15 seconds that a normal subject can hold a strain position.
The purpose of this paper is to investigate a method of reducing the imaging coverage for depicting the 3D structure of the levator ani by the use of statistical shape modelling [6] and with a limited number of 2D image planes. Since conventional volumetric coverage with multi-slice imaging interleaved with T 2 recovery has a high degree of redundancy in shape information, due to the dense voxel spacing, the use of statistical shape modelling allows the determination of optimum control points that are necessary for capturing the shape variation of the levator ani. As the surface of the levator ani is topologically homeomorphic to a compact 2D manifold with boundary (sheet topology), the shape model will be created using a novel technique described by Horkaew and Yang [7] , with the further constraints that all optimal control points are to be positioned on a limited number of planes. With the a priori information of the principal modes of variation of the shape of the levator ani, it should be possible to determine those critical planes within which the points controlling the majority of the variations lie. The strength of the technique is demonstrated by using 3D data acquired from 11 asymptomatic subjects, with results showing that the majority of shape variation can be captured by just two imaging planes determined from the optimal statistical shape model.
Methodology

Harmonic Embedding and Shape Modelling
Triangulated surfaces (mesh M) of the eleven levators were created and each was parameterised onto a unit quadrilateral base domain. In the internal mapping, each vertex is uniquely defined by the minimisation of metric dispersion -a measure of the extent to which regions of small diameter are stretched when mapped. The harmonic map [11] , the minimisation of the total energy of the configuration of the points over a unit quadrilateral base domain, was solved by computing its piecewise linear approximation [12] ,
where the spring constants computed for each edge {i, j} are,
{i,j,k 1 } and {i,j,k 2 } are the two incident faces to the edge. The unique minimum of equation (1), defining the continuous one-to-one correspondence, was found by solving a sparse linear system for the values φ(i) at the critical point. A B-spline surface patch was constructed from each mesh by reparameterising the harmonic embedding over uniform knots. Given a set of distinct points
in the parameterised base domain N, sampled from a B-rep surface patch M, the approximate tensor product B-spline was calculated. Given the minimal distortion map, the least squares approximation by B-spline with a thin-plate spline energy term yields well defined smooth surfaces. The training set is composed of the B-spline surfaces and correspondences were found by reparameterising the surfaces over the unit base domain. The reparameterisation is defined by a Piecewise Bilinear Map (PBM), to which multiresolution decomposition can be applied, which results in a hierarchy representation of the parameterisation spaces. In short, higher dimensions can model finer detail of the distortion. The base domain was first partitioned into 2 L
×2
L regular squares, where L indicates the level-of-detail of the reparameterisation. Four vertex points a ij define each square. A point p, lying in a square domain, is mapped to the reparameterised space according to the bi-linear weighted sum of its surrounding control points c ij . Different maps are represented by varying the vertices c ij . The linear space T L is defined by all possible configurations. The next higher level T L+1 is defined by dividing each square domain into four smaller ones.
The Minimum Description Length (MDL) was selected as the criterion for selecting the parameterisation i Φ that is used to construct the statistical shape model, similar to the work by Davies et al [13] . The MDL principle proposes the choosing of a model that provides the shortest description of the data. The MDL objective function is defined as the total length required to encode both data and model parameters. At each level of iteration, the parameterisations were refined and the PBM parameter vectors optimised according to the MDL objective function. The sampling rate on each B-spline surface was also increased, creating the concurrent hierarchy on both the parameterisation domain and the shapes, thus providing reliable convergence. Polak-Ribiere's conjugate gradient optimization [14] was used.
Optimal Scan Planning
Models were generated using all the levator ani surfaces but one (for a leave-one-out analysis). For optimal scan planning, we considered the amount of variation of the intersection contours of the levator ani with the image plane. Because of the structure of the levator ani, the resulting intersection points can form either one or two smooth contours, depending on the orientation of the plane. In this study, these contours are uniformly sampled with 15 control points and an MDL objective function (3) is used to calculate the amount of contribution that each candidate plane makes towards the shape variation, i.e.,
where m s
x is the set of control points on the plane through the s th shape in the m th axis of the model. In equation (3), the terms with the brackets, representing the data and model parameter distributions, are given by the following equations, where ∆ is the dimension of the mesh of control points (in our case, 48). The result is the shortest descriptor for the variance of the model in each plane.
With multiple image planes the total sum of the MDL objective functions can be used to determine their respective optimal positions. In this study, we used two orthogonal imaging planes, and simulated annealing was employed to identify the maximum of the total MDL objective function. The degrees of freedom formulated by the above problem is 3, thus allowing for the translation and rotation of each plane but with orthogonal constraint. The 3D shape of the levator was recovered by fitting the statistical shape model derived above to the points that the planes intersect. Pose parameters were calculated for the model with a weighting based on the MDL value of the plane on which the points lie. The recovered shapes from the selective imaging planes were compared to those manually delineated from 3D imaging, and the error was calculated as the average distance between the corresponding control points of the parameterised B-spline surface.
Data Acquisition
All imaging data were acquired with a Siemens Sonata 1.5T scanner with the patient in the supine position. A turbo spin echo not-zone selective sequence (TR = 1500ms, TE = 130ms, slice thickness = 3mm) was used to acquire 32-36 T 2 -weighted axial images for each of 11 nulliparous, female subjects (22.6±1.4 years of age). Data acquisition for each subject took approximately 5.5 minutes. The surface of the levator ani was manually segmented from each set of slices using an in-house developed 3D-Slicer software, allowing accurate visualisation and delineation of the muscle structure in arbitrary cutting planes. Fig 1(a) shows a representative data set acquired for this study, with axial images showing the female pelvis moving from feet to head. Manual surface extraction using the 3D-Slicer was applied . Fig 1(b) provides the 11 3D surfaces derived from these data sets. Harmonic embedding and shape modelling were subsequently applied, with Fig 1(c) illustrating the shape changes corresponding to the first three principal modes of variation. It is evident that the first mode corresponds to the height of the levator ani. The second mode shows the variation in the bump caused by the presence of the anal canal/rectum, as well as changes to the coronal width of the levator.
Results
A quantitative comparison of the variance for each mode of the optimised model and the uniform model was made. In the optimal model, the first three modes of variation capture 84.8% of the total variance, whereas in the uniform model the corresponding value is 82.0%. The first four modes of variation display 88.7% and 87.7% of the total variance respectively.
SEQThe optimal scan planes determined by the proposed algorithm were provided in Fig 2(a) . The major plane is analogous to a diagonal line defining a rectangle. Fig  2(b) shows the intersection points cut by the imaging planes, which were used to reconstruct the 3D surface from the statistical shape model . Fig 2(c) is a 3D representation of the two surfaces, one derived from the complete 3D data (gold) and the other from selected two imaging planes (blue) 1 , viewed from two different viewing angles. It is evident that most of the error is at the edges -where the cutting planes do not give any information. To provide a detailed assessment of the errors involved using the proposed imaging and shape reconstruction method, Fig 3 shows a scatter plot of all the B-spline surface control points in 3D space for one shape (average regression ratio 0.82563).
Discussion and Conclusion
With this study, we have proposed a novel way of imaging dynamic 3D structure with selective imaging planes based on a statistical shape model. Since its inception, statistical shape models have been used in a wide spectrum of applications, ranging from shape correspondence to model based image segmentation. With the increasing flexibility and performance of imaging hardware, researchers are starting to investigate the subtle changes of anatomical structures in response to physiological manoeuvres. The study of pelvic floor function is one typical example of such a trend. SEQDefective pelvic organ support is one of the most common problems in women and among those who have treatment, over 20% require a second operation. The management of pelvic floor disorders in women is traditionally divided between gynaecologists, urologists and colorectal surgeons. The modern surgical approach to the problem is to perform all necessary repairs during one single operation to avoid the usual territorial subdivision and patient re-operation. This requires accurate preoperative identification of all prolapsed organs and their mechanical properties. Although the current state-of-the-art in imaging allows the depiction of dynamic changes of the pelvic floor due to straining, it is still limited to 2D and existing 3D studies are limited to a single plane. It is unlikely that by using the current imaging technique it is feasible to reduce the 3D imaging time from several minutes to a couple of seconds, as required for dynamic pelvic floor imaging. The proposed method of optimal scan planning based on statistical shape modelling offers an important way forward. The results achieved demonstrate the potential strength of the technique despite its current limitation of only being applied to the shape of levator anis in asymptomatic, nulliparous women. Our future work will be concentrated on the extension of the technique to the modelling of subjects with pelvic floor injuries.
With this study, we have constrained the imaging planes to be orthogonal. This is not a pre-requisite of the technique and can be relaxed. More imaging planes can also be introduced if acquisition time permits. Another important application of the derived statistical models of the levator ani is the automatic image segmentation of the pelvic floor. Because of the complex anatomical details exhibited in this area, the segmentation of the structure has traditionally been achieved manually and is extremely time consuming.
In summary, we have proposed an optimal scan planning scheme based on statistical shape modelling and demonstrated its practical value with data acquired from a group of 11 asymptomatic subjects. The statistical shape model was achieved by the use of harmonic shape embedding and modelling, whereas the reconstruction of the 3D structure from selected imaging planes was carried out by the incorporation of a conjunct MDL measure indicating the amount of statistical shape variation that is to be captured by each imaging plane. Quantitative results derived from the 11 subjects studied demonstrate the important potential of the method. We believe the proposed technique offers a new way forward for studying dynamic shape changes of 3D structures where complete volumetric imaging is prohibited due to constraints in temporal resolution.
